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ABSTRACT:     Thin report describes a skln-frlctlon balance that 
is presently being  used to measure  shear  stresses  acting on the 
wall of an ablative duct.    Testa have boon conducted in the 
3 Megawatt Arc Tunnel with a Mach number of 3,  a stagnation 
enthalpy of 3000 BTU/lb,  and a stagnation pressure of 20 atmos- 
pheres . 

The balance is a direct deflection measuring device in that 
balance arm rotation is measured with a linear variable 
differential transformer as the balance arm deflects due to 
shear loads acting on the end of the balance arm. 
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BALANCE FOR MEASURING SKIN FRICTION 
IN THE PRESENCE OF ABLATION 

This report describes a skin-friction balance used to measure 
■hear stresses on an ablative wall in the U. S. Naval 
Ordnance Laboratory*s 3 Megawatt Arc Tunnel. 

This work was supported by Independent Exploritory Develop- 
ment funds, Task Number MAT-03L_000-F008-9812, Problem 027. 

The authors wish to acknowledge the contribution of 
John Cinotti, of the Aerodynamics Drafting Group, for the 
drafting of the skin-friction balance. 
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BALANCE FOR MEASURING SEIN FRICTION 
IN THE PRESENCE OF ABLATION 

1. INTRODUCTION 

Currently at the Naval Ordnance Laboratory (MOL) there la 
■uch interest In a study of the Interaction between ablation 
products and vehicle aerodynamics.  Such studies have been 
carried out In the 3 Megawatt Arc Tunnel, since It is capable 
of producing the proper envlronaental conditions.  In the 
present progran, tests are being done In a Mach 3 flow at a 
stagnation enthalpy of about 3000 BTU/lb and supply gas 
pressures of 20 atmospheres. The test Model Is an axisymmetric 
duct made out of the ablation Material.  It can be instrumented 
for pressure, temperature, and skin-friction measurements. 
Figure 1 shows the duct, fabricated out of teflon. Installed 
In the 3 Megawatt Arc Tunnel. The balance was designed at MOL 
to measure shear stresses up to 3.8 lb/ft* on an ablative wall 
with an ablative element of 0.417 lach la diameter. The 
balance Is the first of Its type designed and successfully used 
to Measure shear stress on an ablative wall. It is significant 
that the balance successfully recorded transient data for the 
entire duration of the test. 

2, LIST OF SYMBOLS 

A area of skin-friction element 

b flexure width 

C clearance between skin-friction element and duct wall 

D diameter of skin-friction element 

modulus of elasticity (stainless steel 
E • 28.5 x 10 psl) 

moment of inertia of the beam 

beam stiffness 

moment arm length 

beam length 
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ST OP 8TUBOLS (Cont'd) 

»nt acting on the he turn 

number of flexure 

optical BOMnt arum 

deflection of light Image 

flexure thickness 

torque 

end slope of beta 

rotation of balance am 

■axieue shear stress 

3.  BALANCE D1SCRIPT10II 

The skin-friction balance acts like a torsional aoaent am 
to measure shear forces acting on the surface of a skin- 
friction element installed in an ablation duct. The skin- 
friction element is fastened to a balance arm; and «hen flow is 
exposed to the skin-friction element, the balance am deflects 
by an amount proportional to the shear forces acting on the 
element. The skin-friction element is machined to match the 
contour of the duct and must fit flush with the duct surface so 
shear forces on the element will be similar to those on the 
smooth duct surface. Figure 2 shows the relationship between 
the skin-friction element and the ablation duct. The skin- 
friction element is allowed to deflect 0.015 inches before 
coming into contact with the duct wall, and it is important that 
the element move without interference over its Intended operating 
range. 

The balance am pivots about a frictionless support known 
as the flexure (fig. 3). The flexure is sensitive to a torque 
applied to the am perpendicular to the axis of the flexure 
shaft and rotation of the arm is proportional to the applied 
torque. Stiffness and thus sensitivity is a function of the 
design of the flexure. The flexure unit is designed to provide 
daaplng to the balance arm so as to eliminate periodic vibration 
of the am. 
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Figure 4 lllustrat«« the configuration of the balance arm. 
The calibrating ar« Is located a distance of 1.941 inches down 
fro* the pivot axis. Weichte are hung fro* this arm at a 
distance of two inches, and the resulting moment applied to the 
flexure is equivalent to a torque applied at the surface of the 
skin-friction element.  Directly opposite the calibrating arm 
is another shaft containing a transformer core.  Movement of the 
core is sensed by a linear variable differential transformer (LVDT). 
The differential voltage produced is directly proportional to 
the change in core position. This, of course, is an indication 
of the amount of balance arm rotation.  Since balance am 
rotation is proportional to the torque applied to the balance, 
the voltage read out of the LVDT is a convenient indication of 
forces acting on the surface of the ski»-friction element. 

4. BALAWCE CALIBRATIOW 

The skin-friction balance is calibrated by placing «eights on 
the calibrating arm and recording the voltage change of the LVDT 
on an optical oscillograph.    This voltage change is recorded as 
a deflection of a high-Intensity light  beam on  light sensitive 
paper.    A calibration curve,   such as is shown in figure 8,  is 
drawn by plotting standard calibration weights versus deflection. 
During the test run,  the rotation of the balance arm,  due to 
shear forces acting on the skin-friction element,   is recorded on 
the optical oscillograph;  and the resulting oscillograph deflections 
can be related to a force acting on the calibrating arm with the 
calibration curve.    Then loads taken from the calibration curve 
can be related to equivalent  loade acting on the surface on the 
skin-friction element  by using the ratio of the lever arse. 

5. BALANCE ASSEMBLY 

Figure 9 shows the disassembled balance« The flexure unit is 
shown in the figure installed in its position on the balance 
arm. The flexure-balance arm assembly is supported by the 
flexure holder also shown in the photograph. The flexure holder 
is attached to the side of the balance housing; and provision is 
made for vertical adjustment of the holder. This, of course, is 
necessary to set the skin-friction element flush with the 
surface of the duct. 

The LVDT is attached to the balance housing and its location, 
with respect to the transformer cove, say be varied to provide 
the proper clearance between the LVDT and the core. Access to the 
calibrating arm is made by removing the cap from the pipe fitting 
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shown in the figure.  Removal of this cap exposes the end of 
the calibrating am so that weights aay be hung fro« the an. 

Figure 6 Shows the balance installed la its receptacle in 
the duct.  The balance is threaded and sealed vacuua tight into 
th« duct, and a lock-nut arrangement is provided on the housing 
so that it say be rotated after installation in the duct. This 
provision is sade so that the housing «ay be adjusted to align 
the axis of the flexure perpendicular to the direction of air 
flow in the duct. 

6. DB8CRIPTI0II OF TO FLKIuRE 

The flexure core is a one-piece unit consisting of an outer 
ring with four flexures cantilevered fro« the ring and «eeting 
a shaft at the center of unit (fig. 3). The flexure core is 
electrically «achined fro« a single piece ef stainless steel. 
The unit is quite rigid for all «otion of the shaft, with 
respect to the outer ring, except rotation about the common  axis; 
and the rotational stiffness of the shaft is a function of the 
bending stiffness of the flexures. The «ode of bending of a 
single flexure is analogous to ths case of a beaa with one end 
fixed and the other end sl«ply supported with a «o«ent (M ) 
applied a': the siaply supported end (ref. (1)). The end 0 

slope (6) at siaply supported end is given by: 

•-TIT 

The stiffness of the beas is defined as: 

k - Mo/6 

k - V T n—r 
For the case of the four-flexure unit 

4BI 
k - n   

t 

The «o«ent of inertia of the beaa is given by: 

I - ^ bt» - YJ (0.100) (O.OOeg)»- 26.2 x lO"*!«4 
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The st iff MS« Of the beaa is: 

411  4x4  (28.5 >; 10<)(26.2» r«J*) 
* " n t "        Ooo 

The «tlffnese of the flexure was also asasurod experiBentally, 
\Dd tbs experlaental values wars found to bo within 95 percent 
of the calculated valuea. 

As was ■satiossd in the Introduction^ the skin.friction 
balance Measured trsasiont data durinf tho tost run. The 
successful asasuroasnt of such data is attributed to tbs 
daaping that was provided for tbo flexure unit. The daapinf 
systsa incorporated in tbs flexure unit was developed by 
Frank B. Durgin, Massachusetts Instituts of Technology, 
Aoropbysics Laboratory (rsf. (2)). Figure 7 illustratss bow 
daapinff is accoaplisbod with tbs flexure. A daspiaff wheel, 
attached to tbs flexure shaft, is sandwiched between two 
stationary disks. Tbo gaps between tbs daaping wheel and tho 
stationary disks are filled with a daaping fluid by evacuating 
tbs flexure area and allowing tbo daaping fluid to flow into 
tbo cbaabsr through tbs port shown in tbo figure. It was 
found that tbo idsal case would bo a critically daapod flexure, 
balance am systes; aadt aftsr soae experimenting, a 0.5 x 10

s cs. 
viscosity silicons fluid was shown to give tbs best results. 

7. OPBRATIMG BAMGE OF IBB BAUMCB 

In tbs dssign of the balance, there are a nusbsr of factors 
governing the maxieus shear fores that tbs balance is capable 
of Measuring. Such factors as tho clearance between the skin, 
friction element and the duct wall, tbs stiffasss of the 
flexure, and tbs distance between tbo surface of the skin-friction 
slOMSnt and the flexure shaft sust be properly established to 
insure that the balance is capable of seasuring the loads 
expected in the present tsst progras. With the known flexure 
stiffness of 3.982 in-lb/rad, tbs operating lisit of the balance 
was sst by establishing tbs clearance between the akin-friction 
elesent and the duct wall and tbo length between the skin, 
friction sleaent surface and the flexure shaft. Figure 2 shows 
that tbs skin.friction slsasnt was offset 0.005 inch fro« the 
center of the duct receptical to give the elsasnt a total travel 
of 0,015 inches. With tbs soasnt ana length set at 4.082 inch. 
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the «axlauM rotation of the balance an (0) is 0.00368 radian. 
Since the resisting torque offered by the flexure is proportional 
to the balance am rotation by the stiffness of the flexure, the 
torque at the aaxisus rotation angle is given by: 

T - k 0 - (3.982)(0.00368) 

T • 0.01465 in-lb 

The relationship between torque and ■aximui allowable shear 
stress on the skin.friction element   is: 

T - f rS MB^ A L 

Where the area of the 0.417-inch diaaeter skin-friction elesent 
(A) is 0.13651 na: 

r     - T/ A L s aax 

r9 mui  - (0.01465)/(0.1365)(4.062) 

«ax • 0.0264 lb/in* or 3.801 lb/ft* 

The aaxiaus operating shear stress for the balance of 3.801 lb/ft* 
is the saxisuM stress that say be iaposed on the akin-friction 
element before it coaes into contact with the duct wall. 

In future tent progress, the balance say be subjected to 
somewhat higher loads. Possibly, the sost effective design 
change on the balance, to increase its useful range, would be 
to increase the flexure stiffness. An increaee in web thickness 
increases the soaent of inertia of web by a factor of three. 
Therefore, a slight increase in web thickness will give a 
considerably stiffer flexure. A decrease in aoaent ara length (L) 
would increase the liait of the balance since the flexure shaft 
would be subjected to a greater aaxiaua rotation. However, 
decreases in aoaent ara length could subject the flexure to an 
angle of rotation great enough to exceed the yield strength of 
the flexure aaterial. 

8.  DISCUSSION OF DATA 

Calibration curves, prior to and after the hot test, were aade. 
These curves, with the curve used to reduce the data, are ehown in 
figure 8.  In the data reduction, optical oscillograph deflection 
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every one-half second was noted for the 12-second run.  Por each 
deflection, a value of calibrated «eight vaa found from the 
calibration curve, and fro* these values equivalent «eights acting 
on the skin-friction element «ere calculated. Froa these 
equivalent force», shear stress acting on the skin-friction 
element «as found using the known area of the skin-friction 
eleaeat. 

Figure 9 shoes shear stress acting on the surface of the 
ablation element versus tise. For the specific conditions of the 
test, the shear stress at the location of the balance, prior to 
the onset of ablation, «as calculated to be 5.6 lb/ft* with a 
laminar boundary layer. Other oata gained from the test sho« thst 
ablation begins at approximately one second after the start of 
the test. The variation of skin friction «ith tise is «ell 
predicted by a numerical procedure developed by Aerothers 
Corporation, under NOL contract, in support of this progras. The 
steady-state value that appears to be approached in the test 
progras is «ithin 10 percent of the predicted steady-state value. 

9. 00WCLUSI0WS 

The test proved to be very successful  in Measuring values of 
shear stress over the expected range.     In the  future,   the balance 
«ill probably be Modified to measure somewhat  higher  loads by 
■odifying the flexure,   as previously indicsted.    Also,  the 
progras «ill be continued by investigating different  ablation 
■atarials.    Materials of current  interest for future tests are 
silica phenolic and graphite phenolic. 
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used to Measure shear stresses acting on the well of an ablative duct. 
Tests have been conducted in the  3 Megavatt Arc Tunnel with a Mach 
number of 3,   a stagnation enthalpy of 3000 BTU/lb,  and a stagnation 
pressure of 20 atmospheres. 

The balance  is a direct deflection measuring device in that balance 
arm rotation is measured with a linear variable differential 
transformer as the balance arm deflects due to shear loads acting 
on the end of the balance arm. 
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